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foreword 


Thfcl  fe- ime  of  n  Bert  fa  of  reports  the  general  field  of  wool 
type  fabrics  and  alternates  to  conserve  wool,  with  special  reference 
to  the  physical  features  by  which  clothing  structures  contribute  to 
the  protection  and  effectiveness  of  the  soldier.  (  >  v 

This  report  was  prepar  1  by  Harris  Research  Laboratories  under 
Contract  No.  BA  19-129  QM  1336,  Headquarters  ^uartcroaster  Research  and 
Engineering  Cc  mand,  Quartermaster  Research  and  Engineering  Center,  U.S. 
Army,  Natick,  Massachusetts.  The  contract,  entitled  "Investigation  of 
Properties  of  Synthetic  Fibers  in  Blends  with  Wool,"  was  ir.iciated  under 
Project  No.  6-93-18-2-  >  Development  of  Alternate  Fabrics  to  Conserve 
Wool:  Task:  'Development  of  principles  to  improve  the  insulating  charac¬ 
teristics  and  "comfort"  of  textile  fabrics  combinations,  and  was  adminis¬ 
tered  under  the  direction  of  the  Textile,  Clothing  and  Footwear  Division, 
Headquarters  Quartermaster  Research  and  Development  Center  with  Mr* 
Constantin  J.  Monego  acting  as  project  leader. 

This  material  is  contractor's  Report  No.  33,  for  the  quarter  ending 
Sept.  11,  1959,  the  third  quarter  of  this  contract. 
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SIMULATION  07  SWEATING  INTO  CLOTHING  N  ITS 
CONSTANT  SKIN  TEMPERATURE 

****** 


SEIICARY 


An  improved  simulation  of  sweating  into  clothing  i*v/Db  Coined  by  main¬ 
taining  constant  ukin  temperature  by  nc-5.no  of  -a  automatically  regulating 
power  supply.  As  in  eh*  previecs  report,  an  impermeable  film,  which  can  be 
removed  v_  out  disturbing  the  clothing  assembly,  permits  establishment  of 
_  .>ce-  parature  grac-cnt  in  dry  clothing,  followed  by  the  sweating 


With  co'.'.-  on:  skin  temperature,  there  is  an  initial  pulse  of  tempera¬ 
ture  rise  in  the  clothing  At  the  start  of  .  —ting,  followed  by  cooling  to 
a  new  steady  state  in  which  the  clothing  temperatures  ere  higher  than  in 
u..w  cry  condition. 

The  power  increases  at  the  et.--.rt  of  the  period  of  sweating,  and  quickly 
becomes  constant  at  o.  higher  level  before  the  temperatures  have  reached  new 
values.  The  new  constant  rate  can  be  used  to  calculate  the  ratio 
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of  combined  heat  loss  through  the  clothing  during  eventing  to  the  loss  through 
dry  clothing  without  sweating,  or  nn  equivalent  thermal  resistance  for  the 
clothing  during  sweating.  The  equivalent  resistance  with  sweating  is  about 
50  percent  of  the  dry  resistance,  for  wool  serge,  polyurethane  fc an  and  poly¬ 
ester  fiber  batt.  Differences  between  these  types  of  material  in  tho  ratio 
of  equivalent  resistance  to  dry  resistance  arc  much  ir-nilr  than  tha  difference 
caused  by  sweating  in  any  one  material.  Although  these  materials  are  approxi¬ 
mately  similar  in  decrease  of  resistance  while  sweating  is  going  on,  they 
differ  considerably  in  amount  of  *  cr  retained,  with  less  retained  by  low 
density,  low  regain  materials.  This.  rctair._d  or  accumulated  water  is  important 
with  respect  to  chill  after  heavy  work  and  sweating,  since  it  continues  to 
evaporate  after  the  man  has  ceased  to  sweat. 

/'.The  chief  suggestion  for  improvement  of  clothing  arising  from  this 
work  is  .o  reduce  the  amount  of  water  accumulating  in  the  clothing,  by  such 
means  as  lower  density  or  use  of  lower  regain  fibers. 


A  brass  cylinder,  two  inches  in  diameter,  end  wind  tunnel  with  air 
stream  at  5  mph,  were  used,  all  in  the  cold  box  at  about  -3*  C.  air  tem¬ 
perature,  as  in  earlier  reports. 

Su~fr.ee  temperature  controller: 

A  resistance  wire  grid  on  the  evaporating  surface  of  the  test  cylinder 
used  as  one  arm  of  a  Wheatstone  bridge,  with  a  sensitive  relay  to  detect 
cff-balance.  This  relay,  in  which  latching  force  is  dependent  not  merely 


::  rearer  it 


intervals  of  about  7  seconds  by  an'  interrogating  circuit.  If  power  con¬ 
tinues  to  be  needed,  it  goes  on  again  until  the  next  interrogation,  but  if 
power  is  not  needed,  it  will  ssay  off,  in  center  position,  or  go  to  the 
ctaor  pole. 


Power  llaasui  -nt: 

The  power  supplied  to  the  cost  cell  was  measured  in  two  different 
vays,  in  different  tests.  In  one,  the  "on"  side  of  the  relay  was  connected 
to  a  timer,  so  that  the  time  on  could  be  cum- -sued.  This,  with  voltage  and 
current,  measured  power  supply.  Ir.  the  other  method,  a  vatt-hour  meter  was 
modified  with  a  photoelectric  counter  to  count  tac  revolutions  of  the  disc. 
Thas  — so  cs-ld  be  used  to  cumulate  tha  -  over  ply  in  arbitrary  units,  and 
by  calibration,  in  units  of  energy. 

With  __ch  method  of  measuring  power,  the  interrogation  period  provided 

-  brief  pause  in  which  the  instruments  coal-  '  :  r  . d.  Charts  of  increments 

at  various  intervals,  from  7  scccnus,  the  b_se  period,  up  -culd  be  made:  a 
period  of  5  minutes  vas  found  suitable  for  a  smoothed  average. 
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Initiation  of  sweating: 


The  system  of  starting  sweating  into  the  natural  thermal  gradient  act 
up  in  day  clothing,  by  removing  an  impermeable  layer  made  of  polyester  film, 
as  described  in  Report  32,  vus  continued.  In  coat  of  these  tests,  this  was 
done  in  the  sane  way  as  in  Report  32,  by  removing  one  cf  the  end  insulating 
blocks,  pulling  out  the  film,  and  replacing  the  bleak.  Thi3,  however,  may 
chill  the  test  cell,  and  interfere  with  observations  of  porter  requirement 
close  to  the  start  of  sweating. 

In  order  to  observe  the  «  tart  of  sweating  mere  closely,  the  end  insula¬ 
tion  was  revised,  as  shown  in  Figure  1,  to  a  doughnut  like  slock,  fitting 
over  Insulation  cemented  to  the  end  of  the  brass  cell.  The  polyester  film 
co-id  thus  be  d'-:m  out  between  the  doughnut  and  the  center,  with  minimum 
disturbance  of  the  clothing  or  exposure  cf  the  end  of  the  cell. 

A  layer  of  vapor  permeable  cellophane  was  used  between  the  wet  chamois 
and  the  outer  layers,  just  interior  to  the  polyester  film,  and  was  left  in 
place  to  limit  moisture  transfer  to  evaporation. 


RESULTS 


•7'***v-  *  •.  c:  a,- •*  v  .&/•  v  *  • 


Tamp era tare  w-.j  followed  at  three,  levl  in  the  clothing,  in  these 
tests,  instead  of  at  two,  as  in  Report  32,  by  resistance  wire  grids  carried 
cn  polyester  fiber  fabrics.  The  arranged  act  of  layers  is  diagrammed  in 
Figure  2.  The  same  general  aequsncc,  of  a  quick  temperature  rise  in  the 
clothing,  followed  by  a  slower  cooling  to  a  new  steady  etats,  i3  seen.  The 
greatest  range  cf  change,  however,  _s  in  the  center  of  the  clothing  layers. 


The  inner  layer  regains  close  to  the  controlled  surface  temperature.  One 
reason  that  the  outer  layer  response  is  reduced  m  cost  of  the  examples  in 


this  report  is  that  rather  large  thicknesses  were 


ccnp_  _ture  tests  -re  higher  than  in  the  dry  fabrics,  not  lower  as  they 
vY-r<  v?  wh  the  constant  power  tests  of  Report  32. 

V  *tlon  with  n.--.terials; 

Fig~  -j  3  end  4  show  results  for  2  and  £  layers  of  wool  serge,  while 
Figure  5  shows  2  layer*  of  pc  star  foam,  and  Figures  6  and  7  show  poly¬ 
ester  fiber  bait,  in  two  densities.  Correspond  .ng  numerical  data  are  in 
Table  1.  All  follow  the  general  pattern  just  described,  but  it  can  be 
si_er.  th-t  .‘.a  wool  layers  are  slower  _n  reaching  the  peak,  and  show  more 
rounding  of  the  peak  of  temperature  one  slower  cooling,  than  the  less  ab¬ 
sorbent  fora  and  polyester  fiber.  The  change  with  thickness  is  greater 
for  wool  fiber  also. 
liter  accumulation; 

The  effect  of  time  on  the  accumulation  of  water  was  not  examined  but 
the  result  found  for  coca  cant  power  conditio — that  water  continues  to 
<_c_~.cala.te  as  sweating  goes  on,  hoe  been  used  to  adjust  observations  seme- 
_t  longer  or  shorter  than  60  minutes,  on  the  basin  of  proportionality  to 
c_ ..c.  The  amounts  accumulated,  on  a  60  minute  basis,  ere  shewn  in  Table  2, 
__  grams  per  sq_  re  meter  of  evaporating  surface.  The  grans  per  square 

_ ,~r  of  cl o cling  are  smllor,  since  the  clothing  surface  increases  with 

_ creasing  radius. 
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The  weighings  involved  in  determining  Vwtcr  lessee  and  water  cc'c.nta 
vary  in  the  degree  to  which  they  are  effected  by  evaporation  losses  during 
the  weighing  period  itself*  The  initial  dry  weights  of  clothing  can  be 
determined  accurately,  end  the  initial  weight  of  the  assembly,  because 
evaporation  is  prevented  by  the  impermeable  film.  The  final  weight  of  the 
whole  assembly  is  also  relatively  accurate,  since  it  is  obtained  immediately 
after  the  end  of  the  test  period.  The  weights  of  the  impermeable  film  and 
the  water  removed  on  its  inner  surface  are  also  obtained  immediately,  so 
the  net  los3  from  the  whole  assembly  can  be  established  relatively 
accurately. 

The  layers  themselves  are  weighed  quickly,  as  they  are  unwrapped  from 
the  assembly,  but  there  are  some  losses  by  evaporation  during  this  process. 
Hence.  .-eights  of  water  accumulated  in  the  clothing  are  minimum  values. 
Since  the  wet  cell  is  weighed  last,  the  evaporation  from  the  skin  is  probably 
a  maximum  value.  The  difference  between  loss  from  the  system  as  a  whole,  end 
loss  from  the  skin,  is  always  larger  than  the  accumulation  in  clothing  and 
grid  layers,  leaving  some  water  not  accounted  for.  In  the  presentation  of 
results  in  Table  2,  these  maximum  and  minimum  relations  are  indicated. 

T-ble  2  shews  that  the  evaporation  from  the  akin  is  in  every  case  larger 
than  the  evaporation  frxu  the  system  as  a  whole.  With  two  and  eight  thick¬ 
nesses  of  wool,  the  evaporation  from  the  akin  wc3  practically  the  same  in 
each,  but  more  escaped  from  the  system  as  &  whole  with  the  thinner  cover. 

The  tests  with  low  regain  systems  were  with  thicker  assemblies  than  the  wool, 
so  that  greater  thickness  pay  account  for  the  lever  evaporation  from  the  skin, 
but  the  '  regain  and  low  density  appear  to  be  connected  with  the  greater  net 
evaporation  from  the  system. 
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The  accumulation  of  moisture  in  the  clothing  also  appears  related  to 
regain ,  much  sore  being  retained  by  the  rod  layers  than  by  the  other  materials. 
A  possible  additional  effect,  operating  in  the  sane  direction  as  the  higher 
regain  of  the  rod,  is  the  greater  ascunt  cf  fiber,  end  greater  surface  area, 
involved  in  wool  fabrics  as  opposed  to  snail  amounts  of  polyester  fiber  in 
batt  fora.  However,  the  firm  polyester  batt  has  nearly  the  same  weight  as 
the  lesser  thickness  of  wool,  be  '.ins  much  l-ss  water. 

Cc- orris  on  of  cvr  notation  end  newer  sandy: 

The  exeunt  evaporated  per  hour  can  be  expressed  as  the  corresponding 
perer  in  watts,  and  compared  with  the  power  suppli — ,  in  steady  state  dry  or 
wet.  The  power  supply  has  been  corrected  for  end  losses,  by  the  calibrations 
of  Report  31.  The  power  -upply  figures  are  shorn  for  tests  made  with  tha  on 
time  method  of  measuring  power.  Qualitatively  similar  results  were  obtained 
with  the  watt  hour  meter,  but  lack  of  calibration  steps  involving  power 
losses  in  intermediate  transformers  prevents  direct  comparison. 

Comparing  the  increase  in  power  due  to  sweating  with  the  calculated 
power  for  evaporation,  as  shown  in  Tabic  2,  one  sees  that  the  increase  in 
overall  power  due  to  sweating  is  intermediate  between  the  evaporation  at  the 
shir.  ’  aval  <_ni  the  evaporation  from  the  system  as  a  whole.  This  indicates, 

-.s  was  eiscwsse  d  in  R;  "-rt  32,  that  there  is  no  clcarcut  separation  into 
parallel  processes  of  energy  transfer  by  ha-t  and  by  moisture,  simultaneously 
bat  separately.  Rather,  there  is  a  progressive  interchange  between  energy 
transfer  by  evapcratic  which  is  greatest  at  the  skin,  and  energy  transfer 
as  sensible  heat,  which  is  augments  .  within  the  clothing  by  the  condensation 
of  water. 
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Effect:  of  start  of  sweating  or.  power  rc^ulrorcnt : 


The  on-off  characteristics  of  the  regulating  system,  ar.d  variability 
end  overshooting,  prevent  as  detailed  an  approach  to  power  measurement  es 
vas  hoped  for.  However,  as  nearly  as  one  can  tall  free  five  minute  averages 
of  potter  requirement,  the  p enter  goes  at  once  to  a  new  level,  when  sweating  is 
started  at  constant  skin  tc.peraturo,  and  continues  at  this  level  for  a  lees 
time,  through  the  cooling  part  of  the  transient  temperature  effect  and  into 
tl  -  steady  temperature  period  as  far  as  we  have  foliated  it.  The  power 
supply  rate,  for  five  minute  intervals,  is  she  in  Tigurc  6,  in  which  one 
can  also  see  hew  an  excess  of  power  in  one  interval  produced  an  upward  wave 
cf  temperature  in  all  layers. 

Combined  heat  loss  ratio; 

The  power  required  to  maintain  the  skin  at  constant  temperature, 
ccrrectea  for  losses  through  the  ends  in  order  to  obtain  the  power  flowing 


through  the  aides,  ie  a  measure  of  the  combined  heat  loss  rate  by  all 
mcchanasms.  The  ratio,  (porer  with  sweating)  /  (power  cry)  gives  the  increase 
Cm  heat  fXOW  by  fill  mechanisms ,  with  sweating.  This  ranges  from  1.5  times 
wa  much  combi..ca  loss  for  awaiting  through  wool,  to  2.4  for  a  polyester  batt.  . 
1  ;  a  .'.valent  -  is  name  a  daring  sweatin';: 

Since  the  power  becomes  anc  remains  constant,  while  sweating  is  going 
cn,  and  while  Water  is  accumulating  ir.  the  clothing,  it  is  possible  to  cal¬ 
culate  an  equivalent  resistance  during  sweating,  in  analogy  to  the  thermal 
reaistor.ee  under  dry  conditions.  This  equivalent  resistance,  Req,  is: 

Rcq  ■  A 

V 
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where  Ti'  and  To1  are  the  temperatures  or*  the  two  surfaces  of  the  clothing 
in  the  steady  condition,  with  sweating,  hTc c  is  the  nett 3  dissipated  through 
t‘  -  sides  of  the  test  cylinder  while  sweating  is  going  on  end  A  io  the  area. 

",’c  _ ir.  concentrate  cur  attention  or*  the  effect  of  sweating  by  considering 
the  rati©  of  equivalent  re^ietence  w-th  sw  siting  to  cry  r  itencc.  This 
ratio  is: 

Reo/5.  »  (a-  *-lV^  TTci 

-  Ws‘  (*i-To) 

there  the  prises  refer  to  steady  conditions  with  sweating,  and  the  corres¬ 
ponding  symbols  without  prises  refer  to  the  dry  condition.  These  t  cap era - 
rferenoes  and  the  ratios  of  clothing  resistance  are  shorn  at  the 
be  _cn  of  T-ble  2,  for  the  constant  shin  temperature  series. 

iir.ee  the  saturation  vapor  pressure  changes  acre  rapidly  than  the 
t — p  *.ite,  cr.e  right  expect  a  shift  between  the  relative  effects  o_  vapor 
and  ca-viu  hast  transfer,  with  ch_nge  of  chin  temperature.  Tne  method  of 
teat  described  in  Report  32,  in  which  pcsor  w — ;  hept  constant  and  shin 
t_mpca_..ure  was  allowed  to  reach  its  ora  level,  provides  data  at  a  range 
of  lower  temperatures .  lab*,  a  3  lists  the  shin  tcaperature3 ,  the  temp  era  - 
t__ a  eisferer.ecj  ir.  the  clothing,  ana  the  power  cLs-ip-tcd.  through  the  sides, 
_r.c  figure  £  plots  the  ratio  of  equivalent  raaiatmr.ee  whale  sweating  to  dry 
_-a_ _atav.ee,  g_in.it  shir,  temperature. 

The  Oa.ce  ir.  Figure  C  sho-w  considerable  scatter,  end  any  tread  with 
auwface  temp,  tare  is  small,  in  this  range.  A  trend  toward  lower  equivalent 

_ .ia._r.ie  wh_l c  cueatlr_,  relative  to  reaitt-r.ee  while  dry,  would  be  expected, 

for  ir.orca.sc  in  shin  temperature.  The  fact  that  cry  trend  is  small  in  this 
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range  of  tcnpc.ratur«_  permits  um  of  the  equivalent  resistance  while  sweating, 
or  the  ratio  of  this  to  dry  es  s.  characteristic  of  £  clothing 

assembly. 

The  scatter  of  the  data.  available  is  such  us  to  suggest  .hut  all  of 
the  materials  tested  arc  similar,  in  undergoing  a  50  percent  less  of  ree ister.ee 
to  energy  transfer,  during  tweeting.  This  chur.gs  is  larger  then  ur.y  difference 
between  the  materials  with  respect  to  the  amount  of  change. 


iiscpssi::: 


Relation  to  clothing  it:  use: 


In  the  acted  use  of  clothing,  the  dry  condition,  as  used  in  these 
tests,  corresponds  well  with  clothing  freshly  put:  cn,  end  core  or  less  with 

V  »  w  -  •■  •  •  •  w  — *•  0  W.»i  k»  —  *.  ^  *w  «  V  «  0  a  CmC.  «.  *  W  »  *  e..k.  £V  • 

There  will  he  ini  it..; entitle  putupir-.eien  from  the  cool  cry  skin  into  the 
clothing,  but  the  changed  du«  to  this  are  probably  small  compared  with  the 
changes  esu  to  water  vapor  from  a  vara,  vet  skin.  The  prior  tf 'ect  of  in- 
sensible  perspiration  c_y,  however,  take  sens  of  the  p„„k  off  cf  the  start 
of  sweating. 

If  raise  ir era-arts  hart  production  ebevc  what  can  be  dissipated 
:  n  the  thr.inal  gradient,  *wc— ting  will  beg'r:  *.d  conditions  will  corres- 

.  _  to  the  ove^tir-g  portion  cf  the  ttste.  *t.y  given  relatively  thick 
.  .  idly  will  approximately  double  its  h*ei  dijaipatir.g  r  „te,  and  continue 
te  lot  energy  be  transferred  at  same  fitted  rata,  by  a  combination  of  vapor 
me  cmcct  thermal  transfer,  while  water  accu: tes  in  the  clothing.  Poe- 


thick  clothing  assemblies,  thi* 


is  ludenennunt  of  the  water  content 


over  a  vice  range. 


With  lower  activity  after  a  high  level 
from  she  skin  will  cease  er.d  skin  temperetur 
of  the  clothing  will  then  be  the  crificr.1  fe 
f  '  c  have  bee  one  dry,  the  vapor  mechanism 
five,  ceding  to  she  heat  drain. 
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